Introduction
============

Axonal pathfinding during neuronal development is mediated by the growth cone, which integrates and responds to guidance cues in the environment. Growth cones are thought to respond to extracellular cues by selectively stabilizing or destabilizing the actin cytoskeleton in filopodia and lamellipodia to achieve directional growth ([Bentley and O\'Connor 1994](#BentleyandOConnor1994){ref-type="bib"}; [Lin et al. 1994](#Linetal1994){ref-type="bib"}). Both attractive and repulsive environmental cues, including the semaphorin family of growth cone collapsing factors ([Puschel 1996](#Puschel1996){ref-type="bib"}) affect growth cone morphology ([Goodman 1996](#Goodman1996){ref-type="bib"}). Repulsive agents can either completely collapse growth cones and arrest neurite outgrowth or cause asymmetric growth cone collapse and growth cone steering ([Fan and Raper 1995](#FanandRaper1995){ref-type="bib"}; [Song et al. 1998](#Songetal1998){ref-type="bib"}).

Many studies examining the mechanism of axon repulsion have focused on the collapse response to Sema3A (SemD, collapsin-1, and semaIII), a member of the class 3 semaphorin family that repulses the axons of sensory and sympathetic neurons ([Luo et al. 1993](#Luoetal1993){ref-type="bib"}). Semaphorin 3A (Sema3A)--induced growth cone collapse has been described as a process whereby lamellar protrusion and filopodial motility are paralyzed before the retraction of all growth cone specializations ([Fan et al. 1993](#Fanetal1993){ref-type="bib"}). Collapse is accompanied by a 50% net loss of F-actin from the leading edge of the growth cone. The morphological response to Sema3A is similar to that caused by cytochalasin B, a plant alkaloid that inhibits actin polymerization, paralyzes normal growth cone motility, and inhibits axonal extension ([Letourneau et al. 1987](#Letourneauetal1987){ref-type="bib"}). Raper and colleagues concluded that the collapse of the growth cone structure is attributable to this reduction in F-actin concentration ([Fan et al. 1993](#Fanetal1993){ref-type="bib"}).

Since these initial studies, several molecules in the Sema3A signaling pathway have been identified. The axonal glycoprotein neuropilin-1 (NP-1) has been identified as the high affinity binding site for Sema3A ([He and Tessier-Lavigne 1997](#HeandTessier-Lavigne1997){ref-type="bib"}; [Kolodkin et al. 1997](#Kolodkinetal1997){ref-type="bib"}). The transmembrane protein plexin A1 associates with NP-1 and is responsible for the intracellular transduction of a Sema3A signal ([Takahashi et al. 1999](#Takahashietal1999){ref-type="bib"}; [Tamagnone et al. 1999](#Tamagnoneetal1999){ref-type="bib"}). Further, collapsin response mediator proteins (CRMPs) and rac1 have been implicated in the Sema3A signaling pathway. Treatment of neurons with either anti--CRMP-62 antibodies ([Goshima et al. 1995](#Goshimaetal1995){ref-type="bib"}) or dominant negative rac1 ([Jin and Strittmatter 1997](#JinandStrittmatter1997){ref-type="bib"}; [Kuhn et al. 1999](#Kuhnetal1999){ref-type="bib"}) prevents growth cone collapse by Sema3A.

To further our understanding of the mechanism of growth cone collapse, we examined the distribution of F-actin, NP-1, plexin, and rac1 in dorsal root ganglia (DRG) growth cones at different stages of collapse after treatment with Sema3A. We observe that F-actin, NP-1, plexin, and rac1 are redistributed in a coordinated fashion to new membrane ridges and vacuoles after Sema3A treatment. Because F-actin--based formation of similar structures is a key element for some endocytic pathways, we examined the effect of Sema3A on fluid phase endocytosis. We demonstrate that Sema3A stimulates endocytosis, and that this event correlates with growth cone collapse. Furthermore, multiple inhibitors of axon extension stimulate fluid phase endocytosis in both DRG and retinal ganglion cell (RGC) growth cones. These observations suggest that both coordinated cytoskeletal reorganization and endocytosis contribute to growth cone collapse.

Materials and Methods
=====================

Preparation of Proteins
-----------------------

Sema3A (collapsin-His~6~) and Sema3C were prepared as previously described ([Goshima et al. 1995](#Goshimaetal1995){ref-type="bib"}; [Takahashi et al. 1998](#Takahashietal1998){ref-type="bib"}). Cytochalasin B and phorbol-12 myristate-13 acetate (TPA; Sigma Chemical Co.) were used at concentrations of 2 and 1 μM, respectively. Purified recombinant L1Fc ([Doherty et al. 1995](#Dohertyetal1995){ref-type="bib"}) was used at a concentration of 5 μg/ml. L1Fc activity was verified by treating dissociated DRG neurons with 5 μg/ml L1Fc for 20 h. This treatment enhanced DRG neurite outgrowth on laminin by 75%. Myelin extracts were prepared from the bovine brain as previously described ([Igarashi et al. 1993](#Igarashietal1993){ref-type="bib"}). After clarification of the myelin extract by centrifugation at 400,000 *g*, the detergent was removed by dialysis against Ham\'s F12 medium. Myelin was used at a concentration of 50 μg protein/ml. Membrane preparations containing RAGS were prepared as described for tectal membrane fragments ([Walter et al. 1987](#Walteretal1987){ref-type="bib"}; [Drescher et al. 1995](#Drescheretal1995){ref-type="bib"}). High five insect cells were pelleted 2 d after infection with an ephrin A5--expressing baculovirus. The cell pellet was resuspended in homogenization buffer with protease inhibitors (10 mM Tris-HCl, pH 7.4, 1.5 mM CaCl~2~, 1 mM PMSF, 200 k.u./ml aprotinin, 20 μM leupeptin) and lysed by sonication. Nuclei and cytoplasm were removed by centrifugation. The homogenate was layered on top of a sucrose cushion of 50 and 5% sucrose solutions and centrifuged for 10 min at 20,000 *g*. Plasma membrane fragments were collected from the turbid layer formed at the boundary between the 5 and 50% sucrose solutions. Preparations were stored in 60-μg aliquots at −80°C. For use in growth cone collapse assays, membrane preparations were pelleted, resuspended in F12, sonicated, and applied to cultures at 30 μg protein/ml to induce growth cone collapse. Such preparations collapsed \>80% of chick E7 RGC growth cones.

Neuronal Culture and Immunohistology
------------------------------------

Chick E7 DRG and retinal explants were cultured in growth medium (F12 medium with 10% FBS, 50 ng/ml 7S-NGF, 10 U/ml penicillin and streptomycin) for 18 h on 4-well glass chamber slides precoated sequentially with 100 μg/ml poly-[l]{.smallcaps}-lysine and with 10 μg/ml laminin. After experimental manipulations, explants were fixed by adding ice-cold 4% paraformaldehyde, 20% sucrose, and 0.1 M NaPO~4~, pH 7.3, directly to the medium.

For immunocytochemical staining, explants were stained with either Rac1 mAb (UBI; 4 μg/ml), NP-1 polyclonal antibody (a gift from H. Fujisawa, Nagoya University Graduate School of Science, Nagoya, Japan), plexin polyclonal antibody ([Takahashi et al. 1999](#Takahashietal1999){ref-type="bib"}), or GAP-43 polyclonal antibody (Sigma Chemical Co.), followed by a fluorescein- or rhodamine-conjugated secondary antibody (1 μg/ml). To visualize actin filaments, explants were stained with rhodamine-phalloidin (0.33 μM; Molecular Probes).

FITC-Dextran Uptake
-------------------

For FITC-dextran uptake assays, half of the DRG medium (250 μl) was replaced with prewarmed fresh medium containing 2 mg FITC-dextran per milliliter (Molecular Probes) and the collapsing agent to be tested. Explants were incubated at 37°C for 5--120 min, gently washed with prewarmed DRG medium without dextran, and were fixed. To stain the total protein, explants were permeabilized in 0.5% Triton X-100, and a 1% solution of TRITC (Sigma Chemical Co.) in DMSO was diluted 1,000-fold into PBS immediately before use ([Fan et al. 1993](#Fanetal1993){ref-type="bib"}). Preparations were stained with TRITC for 15 min, rinsed in PBS, and mounted in gelmount (Fisher Scientific Co.).

Growth cones were viewed on a fluorescence microscope with a 60× objective (1.4 NA) and an AstroCam camera. For quantification, matched fluorescein (dextran) and rhodamine (total protein) digital images were analyzed using the Scion version of NIH Imager. The growth cone (defined as the distal 75 μm of the axon) was outlined according to the rhodamine image (total protein), and the mean fluorescence intensity per pixel was measured in each fluorescence channel. Dextran levels were calculated as follows: $$\documentclass[10pt]{article}
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Dextran levels in the presence of test compounds were normalized against the value for control growth cones of the same time point in the same experiment. Dextran levels without test compounds were low and varied only slightly between 5--120 min. Error bars reflect the SEM from 3 to 10 independent experiments.

Results
=======

Sema3A Stimulates the Formation of Discrete F-actin--positive Structures
------------------------------------------------------------------------

To gain insight into Sema3A signaling mechanisms, we examined the spatial organization of F-actin during Sema3A-induced growth cone collapse. E7 chick DRG explants were treated with Sema3A, fixed at different stages of growth cone collapse, and were stained with rhodamine-phalloidin to detect F-actin. Cultures were viewed by DIC and fluorescence microscopy to visualize growth cone morphology and F-actin staining ([Fig. 1](#F1){ref-type="fig"}). Control growth cones are well spread, and F-actin staining is diffuse in lamellipodia and intense in filopodia ([Fig. 1](#F1){ref-type="fig"}, a and b). After Sema3A treatment, F-actin staining rapidly redistributes into punctate aggregates throughout the lamellipodia of the growth cone ([Fig. 1c](#F1){ref-type="fig"} and [Fig. e](#F1){ref-type="fig"}). Redistribution of F-actin into aggregates is visible as early as 2 min after Sema3A treatment, a time when most growth cones remain well spread. Further, F-actin is rapidly lost from growth cone filopodia in response to Sema3A. DIC imaging illustrates that collapsing growth cones often retain filopodial structures that are devoid of F-actin. By 5 min after Sema3A treatment, F-actin labels discrete circular profiles ([Fig. 1](#F1){ref-type="fig"} g). Some circular profiles are similar to the reverse shadowcast vacuoles previously reported by [Dailey and Bridgman 1993](#DaileyandBridgman1993){ref-type="bib"} in a correlative electron microscopy and DIC study of untreated neuronal growth cones ([Fig. 1](#F1){ref-type="fig"} f; see also [Fig. 7b](#F7){ref-type="fig"}, [Fig. e](#F7){ref-type="fig"}, and [Fig. k](#F7){ref-type="fig"}). However, often the circular profiles are delineated by edges that protrude from the plane of the growth cone membrane ([Fig. 1](#F1){ref-type="fig"} h; see also 7, b and e). Occasionally, punctate aggregates of F-actin seem to outline circular profiles within the growth cone ([Fig. 1e](#F1){ref-type="fig"} and [Fig. f](#F1){ref-type="fig"}). In addition to vacuolar structures, F-actin--positive linear ridges are visible in Sema3A-treated growth cones ([Fig. 1i](#F1){ref-type="fig"} and [Fig. j](#F1){ref-type="fig"}). Time lapse observations of unfixed growth cones by DIC microscopy (data not shown) reveals that the linear profiles of material are highly motile membrane ridges that form in the lamellipodia of the growth cone after Sema3A treatment. The membrane ridges rapidly (60 s) flow across the lamellipodium surface in a fashion consistent with the membrane ruffling discovered in other cells. Our observations of F-actin in Sema3A-treated growth cones confirm the loss of the peripheral F-actin reported by [Fan et al. 1993](#Fanetal1993){ref-type="bib"}, but also demonstrate a coordinated rearrangement of F-actin into discrete structures within the growth cone lamellipodium in response to Sema3A.

To examine if the formation of these new growth cone structures are driven by Sema3A signaling, we examined the distribution of NP-1 and plexin, which are members of the Sema3A receptor complex, and of rac1, which is a member of the Sema3A signaling pathway ([Fig. 2](#F2){ref-type="fig"}). In response to Sema3A treatment, NP-1, plexin, and rac1 codistribute with newly formed F-actin--rich structures. Each of these signaling molecules demonstrates reorganization to aggregates, ridges, and vacuoles. The examples in [Fig. 2](#F2){ref-type="fig"} demonstrate rac redistribution to punctate aggregates, NP-1 redistribution around a circular profile, and plexin redistribution to a linear ridge. Sema3A-treated growth cones were also double stained with phalloidin and GAP-43. GAP-43 is a phosphoprotein that is localized to the inner membrane of the neuronal growth cone via palmitoylation, but is not thought to be involved in Sema3A action ([Liu et al. 1993](#Liuetal1993){ref-type="bib"}). GAP-43 does not associate with F-actin--rich structures after Sema3A treatment ([Fig. 2](#F2){ref-type="fig"}). The absence of GAP-43 staining in the presence of Sema3A-induced F-actin rearrangements demonstrates that the reorganization of NP-1, plexin, and rac1 are not artifacts because of the effects of increased cytoplasmic volume at these sites.

Sema3A Stimulates Fluid Phase Endocytosis
-----------------------------------------

The recruitment of F-actin to the surface of membrane specializations has been correlated with fluid phase pinocytosis in nonneuronal cells ([Bar-sagi and Feramisco 1986](#Bar-sagiandFeramisco1986){ref-type="bib"}), and actin accumulations are correlated with type I phagocytosis ([Caron and Hall 1998](#CaronandHall1998){ref-type="bib"}). This prompted us to consider the effect of Sema3A on endocytosis during DRG growth cone collapse ([Fig. 3](#F3){ref-type="fig"}). Growth cones were exposed to Sema3A in the presence of FITC-conjugated dextran. Control growth cones exposed to FITC-dextran show light dextran labeling reflecting low basal levels of endocytosis ([Fig. 3](#F3){ref-type="fig"} e). After Sema3A treatment, a large accumulation of FITC-dextran is evident in the growth cone tip within 5 min ([Fig. 3](#F3){ref-type="fig"} h). By 20 min after Sema3A application, dextran accumulations are detectable in a more proximal portion of the axon ([Fig. 3](#F3){ref-type="fig"} k), presumably because of retrograde transport. By 2 h, dextran labeling is no longer visible ([Fig. 3](#F3){ref-type="fig"} n). The observed endocytic dextran accumulation reflects the sum of dextran uptake, secretion, and removal from the growth cone by retrograde transport. However, previous studies have indicated that Sema3A increases retrograde vesicular axonal transport ([Goshima et al. 1997](#Goshimaetal1997){ref-type="bib"}), which would only decrease dextran accumulation in the growth cone. Thus, decreased removal is an improbable explanation for Sema3A-induced growth cone dextran accumulation. Dextran accumulation during brief incubation periods is likely to reflect primarily changes in uptake rates since initially there is no labeled endocytic pool from which secretion or removal might be altered. Furthermore, accumulation is not greater at later time points when any secretion effects should be more prominent.

To consider whether endocytosis is stimulated by nonligand-mediated growth cone collapse, we examined FITC-dextran accumulation during cytochalasin B treatment. Cytochalasin B is a plant alkaloid that stimulates growth cone collapse, which is morphologically similar to that elicited by Sema3A. Cytochalasin B inhibits actin polymerization, paralyzes normal growth cone motility, and inhibits axonal extension ([Letourneau et al. 1987](#Letourneauetal1987){ref-type="bib"}). We find that treatment of DRG growth cones with cytochalasin B induces rapid growth cone collapse, but does not enhance dextran accumulation ([Fig. 4](#F4){ref-type="fig"}, a--c; see also [Fig. 5](#F5){ref-type="fig"} c). This suggests that stimulated dextran accumulation is not simply a consequence of changing morphology during growth cone collapse or a secondary effect of actin loss from growth cone filopodia. Rather, it appears that endocytosis is actively stimulated by Sema3A.

In addition to growth cone collapsing agents, we examined the effect of a growth promoting ligand on dextran accumulation by treating DRGs with L1 glycoprotein. L1 is a cell adhesion molecule expressed by a variety of mammalian neurons, and homophilic L1 interactions on adjacent cells can promote axonal outgrowth ([Seilheimer and Schachner 1988](#SeilheimerandSchachner1988){ref-type="bib"}). To test the effect of L1 on dextran accumulation, we treated DRG neurons with a soluble L1Fc chimeric molecule that also stimulates neurite outgrowth ([Doherty et al. 1995](#Dohertyetal1995){ref-type="bib"}). Treatment of dissociated DRGs with L1Fc protein at 5 μg/ml enhances neurite outgrowth by 50--75% ([Archer et al. 1999](#Archeretal1999){ref-type="bib"}; data not shown). DRG growth cones treated with L1Fc for 5 min ([Fig. 4](#F4){ref-type="fig"}, d--f; see also [Fig. 5](#F5){ref-type="fig"} c) or 20 min (data not shown) remain well spread and do not exhibit enhanced levels of dextran accumulation.

We quantified the dextran levels relative to the total protein in the collapsing growth cone to ensure that brighter dextran levels are not due to changes in the thickness of the collapsing growth cone. Similar to the methodology employed by [Fan et al. 1993](#Fanetal1993){ref-type="bib"}, total protein within the growth cone was labeled with TRITC, and the total dextran per unit area was measured relative to the total protein per unit area in the growth cone ([Fig. 5](#F5){ref-type="fig"}). We find that the dextran levels throughout the growth cone are elevated to ∼300% of control levels by 5 min after Sema3A treatment, and return to the baseline by 2 h after Sema3A treatment. Focal accumulations are much higher than this average value. For several different incubation times and doses, dextran accumulation correlates with growth cone collapse ([Fig. 5](#F5){ref-type="fig"}, a and b). Both Sema3C, which binds to NP-1 but does not repel DRG neurons ([Takahashi et al. 1998](#Takahashietal1998){ref-type="bib"}), and ephrin A5, which causes collapse of RGCs but not DRG growth cones ([Drescher et al. 1995](#Drescheretal1995){ref-type="bib"}), fail to stimulate dextran accumulation in DRGs ([Fig. 5](#F5){ref-type="fig"} c).

Ligand-stimulated Endocytosis Correlates with Growth Cone Collapse
------------------------------------------------------------------

To examine the extent to which endocytosis is a general principle of physiologic growth cone collapse, we assessed the ability of other growth cone collapsing agents to stimulate fluid phase endocytosis. We tested central nervous system myelin extracts, which contain multiple outgrowth inhibitors including MAG ([McKerracher et al. 1994](#McKerracheretal1994){ref-type="bib"}) and Nogo ([Caroni and Schwab 1988](#CaroniandSchwab1988){ref-type="bib"}; [Chen et al. 2000](#Chenetal2000){ref-type="bib"}; [Grandpre et al. 2000](#Grandpreetal2000){ref-type="bib"}; [Prinjha et al. 2000](#Prinjhaetal2000){ref-type="bib"}), which stimulate growth cone collapse ([Bandtlow et al. 1993](#Bandtlowetal1993){ref-type="bib"}; [Li et al. 1996](#Lietal1996){ref-type="bib"}). In addition, we tested TPA, an activator of protein kinase C, which potently stimulates DRG growth cone collapse at concentrations as low as 10 nM (data not shown). For DRG growth cones, both myelin and TPA stimulate FITC-dextran accumulation ([Fig. 5](#F5){ref-type="fig"} d). Similar to Sema3A, dextran accumulation is strongly stimulated in the growth cone tip within 5 min of ligand treatment, and is diminished 20 min after stimulation when the dextran is found in a more distal portion of the axon.

Endocytosis Is Enhanced in Multiple Neuronal Cell Types by Growth Cone Collapsing Agents
----------------------------------------------------------------------------------------

We also tested the effect of repulsive ligands on dextran accumulation in RGC growth cones to determine if enhanced endocytosis in response to repulsive ligands may occur in multiple cell types. In addition to myelin and TPA, ephrin A5 effectively collapses RGC growth cones ([Drescher et al. 1995](#Drescheretal1995){ref-type="bib"}). Conversely, RGCs lack the appropriate receptor to respond to Sema3A ([Takahashi et al. 1998](#Takahashietal1998){ref-type="bib"}). We find that ephrin A5, TPA, and myelin all stimulate rapid RGC growth cone collapse and enhance dextran accumulation, whereas Sema3A fails to enhance RGC collapse or dextran accumulation ([Fig. 6](#F6){ref-type="fig"}). These results demonstrate that active ligand-stimulated endocytosis may be a component of multiple physiologic axon repulsive pathways.

Dextran Is Localized to the Sites of Vacuoles and Ridges after Sema3A Treatment
-------------------------------------------------------------------------------

To explore the relationship between dextran accumulation and Sema3A-induced linear and vacuolar structures, DRG growth cones were visualized by DIC microscopy after 5 min of FITC-dextran exposure in the presence of Sema3A ([Fig. 7](#F7){ref-type="fig"}). The morphological correlates of dextran accumulations are similar to those of F-actin accumulations after Sema3A treatment ([Fig. 1](#F1){ref-type="fig"}). Dextran accumulation is associated with several structures such as: punctate protrusions; membrane ridges; vacuoles with an indented reverse shadowcast appearance; and vacuoles with elevated, protrusive edges. After 5 min of Sema3A treatment, dextran is associated equally with punctate protrusions, and with elevated vacuoles. At later stages of collapse, dextran is found predominantly in elevated vacuoles ([Fig. 7](#F7){ref-type="fig"} m). At early and late time points, a minority of Sema3A is localized to membrane ridges and reverse shadowcast vacuoles.

Discussion
==========

Fluid Phase Endocytosis Is Stimulated by Sema3A
-----------------------------------------------

We demonstrate for the first time that endocytosis is enhanced in the growth cone during ligand-induced collapse. The majority of dextran accumulates in punctate protrusions and larger elevated vacuolar structures within the growth cone lamelipodium. Elevated vacuoles represent unique sites of endocytosis that differ from the indented vacuolar structures, which mediate endocytic uptake in control growth cones. It is unclear if existing indented vacuolar structures and ruffles are transformed into elevated vacuoles in response to Sema3A, or if elevated vacuoles represent a new morphological structure stimulated by Sema3A. Such a determination will require live imaging and morphological analysis of the Sema3A-treated growth cones.

While the mechanism of endocytosis in Sema3A-treated growth cones is unclear, one possibility is that guidance cues are stimulating a specialized type of endocytosis, termed macropinocytosis. Macropinocytosis occurs when membrane ruffles fold back and fuse with the plasma membrane ([Swanson and Watts 1995](#SwansonandWatts1995){ref-type="bib"}). The highly motile character of newly formed membrane ridges suggests that they could be newly formed ruffles in the growth cone lamellipodium. Rac1 localization to Sema3A-induced membrane ridges provides a potential mechanism for their formation. Microinjection of activated rac1 into Swiss 3T3 fibroblasts stimulates membrane ruffling and macropinocytosis ([Ridley et al. 1992](#Ridleyetal1992){ref-type="bib"}), and the addition of serum or purified growth factors such as EGF or PDGF to nonneuronal cells stimulates cell-surface ruffling and fluid phase pinocytosis ([Haigler et al. 1979](#Haigleretal1979){ref-type="bib"}). Morphologically, vacuoles formed during macropinocytosis can be quite large, from 1 to 5 μm in diameter, and this is consistent with the size of many of the DIC identifiable vacuoles after Sema3A treatment. These observations suggest a model whereby Sema3A acts through NP-1/plexin to stimulate the formation of rac1-positive ruffles, which mediate macropinocytosis in the growth cone.

It is also possible that other forms of adapter-mediated endocytosis contribute to dextran uptake. Receptor clustering and F-actin recruitment to phagocytic cups are characteristics of phagocytosis ([Sheterline et al. 1984](#Sheterlineetal1984){ref-type="bib"}; [Greenberg et al. 1991](#Greenbergetal1991){ref-type="bib"}), and phagocytosis is inhibited by cytochalasin B ([Zigmond and Hirsch 1972](#ZigmondandHirsch1972){ref-type="bib"}). A role for rac1 also has been demonstrated in Fc gamma receptor--mediated phagocytosis. Fc gamma receptor--mediated phagocytosis is prevented by dominant negative rac1 in both 3T3 fibroblasts ([Caron and Hall 1998](#CaronandHall1998){ref-type="bib"}) and macrophages ([Cox et al. 1997](#Coxetal1997){ref-type="bib"}).

We also observe that TPA, myelin, and ephrin A5 stimulate dextran accumulation in collapsing growth cones, and this suggests that endocytosis is a common mechanism for physiologic growth cone collapse. The inability of cytochalasin B to mimic the endocytic effects of ligands that cause growth cone collapse, has two implications. First, endocytosis is being stimulated by specific intracellular signaling events, and not just as a secondary consequence of changing growth cone morphology or actin disorganization. Second, endocytosis is not absolutely essential for collapse, rather it may be synergistic with actin rearrangements.

Endocytosis and Growth Cone Collapse
------------------------------------

The growth cone is known to be a site of significant exocytosis and endocytosis in the basal state ([Lockerbie et al. 1991](#Lockerbieetal1991){ref-type="bib"}; [Diefenbach et al. 1999](#Diefenbachetal1999){ref-type="bib"}). During axonal growth, there is a dramatic increase in the total cell surface of the neuron, and the primary site of new membrane addition is the distal tip of the growth cone. The growth cone contains stacks of intraneuronal membranes and large vacuolar structures that participate in endocytosis ([Cheng and Reese 1987](#ChengandReese1987){ref-type="bib"}). A role for endocytosis in growth cone function is also supported by studies on dynamin and amphiphysin ([Mundigl et al. 1998](#Mundigletal1998){ref-type="bib"}).

The balance of exocytosis and endocytosis at the growth cone is likely to play a critical role in growth cone morphology, axonal extension, and navigational decisions. However, the regulation of growth cone membrane traffic by axon guidance cues has not previously been studied to any extent. Sema3A stimulation may tip a dynamic balance in favor of endocytosis at the growth cone plasma membrane. It has been demonstrated that the internalization of huge areas of plasma membrane accompany phagocytosis by nonneuronal cells. Classic experiments demonstrated that more than half of a macrophage\'s surface area can be internalized during the uptake of a phagocytic load ([Werb and Cohn 1972](#WerbandCohn1972){ref-type="bib"}). The present data suggest that enhanced endocytosis contributes to growth cone collapse by internalization of the growth cone membrane. We have measured dextran accumulation during brief incubation periods, but we have not separately determined secretion and uptake rates. Therefore, decreased secretion rates might act synergistically with increased uptake rates to yield dextran accumulation and growth cone collapse.

Actin Filaments and Endocytosis
-------------------------------

We demonstrate that F-actin is recruited to membrane ridges and vacuoles after Sema3A treatment. The formation of F-actin--rich structures strongly correlates with endocytic activity in a number of cell systems. F-actin--rich ruffles are stimulated by rac1 during pinocytosis in 3T3 fibroblasts ([Ridley et al. 1992](#Ridleyetal1992){ref-type="bib"}), and F-actin--rich ruffles and phagocytic cups form during phagocytosis in leukocytes ([Cox et al. 1997](#Coxetal1997){ref-type="bib"}). We show that the formation of actin-rich ruffles and vacuoles correlates with enhanced dextran accumulation in response to Sema3A, TPA, and myelin. Furthermore, dextran does not accumulate in response to cytochalasin B, which is a compound that fails to redistribute F-actin in an organized fashion. F-actin\'s translocation to specialized structures in the growth cone appears to play a critical role in the enhanced endocytosis.

[Fan et al. 1993](#Fanetal1993){ref-type="bib"}, observed a 50% reduction in the total F-actin in the growth cone. We also observe a decrease in filopodial F-actin. The decrease in filopodial F-actin induced by Sema3A is similar to that initiated by cytochalasin B. However, cytochalasin B causes a general disorganization of F-actin, whereas Sema3A causes its organized translocation to discrete structures. The inability of cytochalasin B to stimulate actin-rich lamellipodial structures and endocytosis may explain why growth cones continue to slowly advance in the presence of cytochalasin B ([Letourneau et al. 1987](#Letourneauetal1987){ref-type="bib"}) rather than halting as with Sema3A ([Luo et al. 1993](#Luoetal1993){ref-type="bib"}). We conclude that Sema3A induces coordinated cytoskeletal rearrangements that drive the formation of endocytic structures. The correlation between dextran accumulation at these endocytic structures and growth cone collapse suggests that enhanced endocytosis may contribute to the mechanism of growth cone collapse by Sema3A and other physiologic growth cone regulators.
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![Sema3A induces F-actin redistribution in growth cones. Chick E7 DRG cultures were treated for 0--10 min with 1 nM of Sema3A and visualized by DIC and fluorescence microscopy. Growth cones were stained with phalloidin to detect F-actin. Matched images of growth cones visualized by DIC and F-actin labeling demonstrate that F-actin is concentrated in the filopodia (open arrowheads) of control growth cones, and diffusely stains the central domain and lamellipodia (a and b). After Sema3A treatment, F-actin rapidly reorganizes into punctate aggregates (white arrowheads), linear membrane ridges (white arrows), and large vacuoles (green arrows). Bar, 15 μm.](JCB9911113.f1){#F1}

![Sema3A induces Rac1, NP1, and plexin redistribution in growth cones. Chick E7 cultures were treated for 0--10 min with 1 nM Sema3A, and were visualized by fluorescence microscopy. Growth cones were double stained with phalloidin to detect F-actin and antibodies against Rac1, neuropilin-1 (NP), plexin (Plex), or GAP-43. NP-1, plexin, and Rac1 reorganize to sites of F-actin reorganization during collapse. GAP-43 does not redistribute to F-actin--positive structures after Sema3A treatment. Bar, 20 μm.](JCB9911113.f2){#F2}

![Sema3A stimulates fluid phase endocytosis. E7 chick DRG growth cones were incubated with medium (a--f) or Sema3A (g--o) in the presence of FITC-dextran. Dextran is visualized through the FITC channel (b, e, h, k, and n). Growth cones were counterstained with TRITC to label the total protein in the growth cone (a, d, g, j, and m). Merged images (c, f, i, l, and o) demonstrate dextran concentrations (arrows) relative to the total protein. In a control growth cone, treated with dextran only, labeling is weak and diffuse (e), however, dextran accumulates 5 min after Sema3A treatment and brightly labels the collapsing growth cone (h). After 20 min in the presence of Sema3A, dextran is often retrogradely transported into the neurite shaft (k) and, by 2 h, dextran is no longer present within the growth cone or neurite (n). Bar, 20 μm.](JCB9911113.f3){#F3}

![Cytochalasin and L1 fail to stimulate fluid phase endocytosis. E7 chick DRG growth cones were incubated with 2 μM cytochalasin B (a--c) or 5 μg/ml L1 (d--f) for 5 min in the presence of FITC-dextran. Dextran is visualized through the FITC channel (b and e). Growth cones were counterstained with TRITC to label the total protein in the growth cone (a and d). Merged images (c and f) demonstrate dextran staining relative to total protein. Cytochalasin B stimulates growth cone collapse, but fails to enhance dextran levels in the growth cone. Dextran also remains at background levels after a 5-min incubation with L1, a ligand which enhances neurite outgrowth. Bar, 20 μm.](JCB9911113.f4){#F4}

![Ligand-stimulated endocytosis correlates with growth cone collapse. E7 chick DRG growth cones were exposed to test factors in the presence of FITC-dextran, washed, and rapidly fixed. Growth cones were counterstained with TRITC and quantified for total dextran levels as a proportion of the total protein level. (a) Time course of dextran accumulation in response to 1 nM Sema3A. (b) Dose curve of dextran accumulation 5 min after Sema3A application. (c) Dextran accumulation 5 min after the application of test ligands. (Sema3A and Sema3C, 1 nM; ephrin A5, 30 μg total membrane protein/ml; cytochalasin B, 2 μM; and L1Fc, 5 μg/ml.) (d) Dextran accumulation after TPA and myelin treatment. Note that TPA and CNS myelin stimulate FITC-dextran accumulation in the growth cone. (TPA, 1 μM; and myelin, 50 μg protein/ml).](JCB9911113.f5){#F5}

![Ephrin A5 enhances endocytosis in RGCs. E7 chick RGC growth cones were exposed to medium (control) or ephrin A5 for 20 min in the presence of FITC-dextran, washed, and rapidly fixed. Medium (a--c) and ephrin A5 (d--f)--treated growth cones were stained with TRITC and examined for the total protein (a and d) or for FITC-dextran (b and e). Merged images (c and f) show the location of FITC-dextran uptake in the growth cone relative to total protein staining. Ephrin A5 enhances dextran accumulation in RGC growth cones (e). (g) Dextran levels as a proportion of total protein levels in the growth cone were quantified. Ephrin A5, TPA, and myelin cause RGC collapse and stimulate FITC-dextran accumulation in RGCs. Sema3A does not stimulate collapse or FITC-dextran accumulation in RGCs (Sema3A, 1 nM; ephrin A5 30 μg/ml; TPA, 1 μM; and myelin, 50 μg/ml). Bar, 20 μm.](JCB9911113.f6){#F6}

![FITC-dextran is internalized at DIC identifiable ridges and vacuoles. Chick E7 DRG growth cones were treated with 1 nM Sema3A for 5 min in the presence of FITC-dextran. Four examples of FITC-dextran labeling (a, d, g, and j), and the paired DIC image (b, e, h, and k), show the localization of dextran within the growth cone. An FITC-dextran overlay on the DIC image (c, f, i, and l) shows the dextran localization relative to the DIC-identifiable structures. Dextran is found at sites of punctate aggregates (violet arrowheads), ridges (white arrows), reverse shadowcast vacuoles (red arrows), and protrusive vacuoles (green arrows). Two examples of reverse shadowcast vacuoles without dextran uptake are also labeled (b and e). (m) Analysis of dextran localization demonstrates that dextran can be found in all four types of structures at both 5 and 20 min. At later stages of collapse, dextran is predominantly associated with protrusive vacuoles. Bar, 20 μm.](JCB9911113.f7){#F7}
